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Abstract
The recent realization that viruses within the family Iridoviridae may contribute to the worldwide decline in amphibians makes it urgent
to understand amphibian antiviral immune defenses. We present evidence that establishes the frog Xenopus laevis as an important model
with which to study anti-iridovirus immunity. Adults resist high doses of FV3 infection, showing only transitory signs of pathology. By
contrast, naturally MHC class-I-deficient tadpoles are highly susceptible to FV3 infection. Monitoring of viral DNA by PCR indicates a
preferential localization of FV3 DNA in the kidney, with the inbred MHC homozygous J strain appearing to be more susceptible. Clearance
of virus as measured by detection of FV3 DNA and also the disappearance of pathological and behavioral symptoms of infection,
acceleration of viral clearance, and detection of IgY anti-FV3 antibodies after a second injection of FV3 are all consistent with the
involvement of both cellular and humoral adaptive antiviral immune responses.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The family Iridoviridae is composed of five recognized
genera, including Ranavirus, whose main member, frog
virus 3 (FV3),1 has been recognized as the type species of
this genus by the International Committee on Taxonomy of
Viruses (Hyatt et al., 2000). Ranavirus includes viruses
capable of infecting three different classes of ectothermic
vertebrates: Teleostei, Amphibia, and Reptilia (Mao et al.,
1997; Carey et al., 1999). FV3 was originally isolated from
the leopard frog Rana pipiens, a native North American
species, and is now found all over the world in a number of
different genera and species, potentially making it a serious
global threat to amphibians. Indeed, iridoviruses and a
chytrid fungus are the major pathogens that appear to be
causally associated with a marked decline of amphibians
worldwide (Carey et al., 1999; Daszak et al., 1999).
FV3 is a large (165 to 169 nm) dsDNA icosahedral virus
(Tripier and Kirn, 1973; Tripier et al., 1975; Darlington et
al., 1966). Approximately half of the FV3 virion is made up
of the major capsid protein (Hyatt et al., 2000). The DNA is
both circularly permuted and terminally redundant (Goorha
and Murti, 1982), leading to a genome map that is circular,
while the actual molecule is still linear (Houts et al., 1974),
with greater than 20% of its cytosine CpG sequences meth-
ylated (Willis and Granoff, 1980). FV3 can multiply at 32°C
or less even in mammalian or avian cells. At 37°C, the
virions form dense aggregates within the viroplasms that
render them inactive (Lopez et al., 1986).
The South African pipid frog, Xenopus, has the best
characterized immune system of any amphibian species
studied. Although there is no evidence that Xenopus is (or is
not) among those species infected in the wild, it is certainly
an excellent laboratory species for evaluating whether
emerging FV3 virulence per se is a primary cause of the
declines of healthy animals or whether virulence is manifest
because FV3 is now infecting hosts that are somehow im-
munocompromised (i.e., an opportunistic pathogen).
The immune system of Xenopus is fundamentally similar
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to that of mammals (e.g., rearranging TCR and Ig genes,
MHC class-I- and class-II-restricted T-cell recognition; Du
Pasquier et al., 1989). MHC-restricted cytotoxic and helper
T-cell responses have been characterized in adults
(Blomberg et al., 1980; Flajnik et al., 1985; Harding et al.,
1994), as have Ig isotype heterogeneity and leukocyte-
derived cytokines (Watkins and Cohen, 1987; Watkins et
al., 1987; Haynes and Cohen, 1993). Although both larval
and adult Xenopus are immunocompetent, pre-metamorphic
tadpoles lack MHC classical class I expression (Flajnik et
al., 1987; Flajnik and Du Pasquier, 1988).
Iridoviruses have been reported to attack larvae and
metamorphosing and post-metamorphic individuals alike in
all species known to be infected (Carey et al., 1999; Daszak
et al., 1999); however, the younger animals in both frog and
salamander species seem less able to defend themselves
(Cunningham et al., 1996; Jancovich et al., 1997). In R.
pipiens, for example, it has been reported that the earlier the
tadpole stage is infected, the more lethal the virus, even to
the point where it is lethal to embryos when it is added to
their water (Tweedell and Granoff, 1967). Since Xenopus
larvae do not express MHC class I antigens until metamor-
phosis they may be unable to adequately defend themselves
against FV3 infection
We report here that Xenopus fibroblasts, but not lym-
phoid cell lines or normal lymphocytes, can be infected with
FV3 in vitro and that adults appear resistant to FV3 infec-
tion, whereas tadpoles show an increased susceptibility. In
adults, the virus seems to preferentially target the kidney,
but data suggest that over a time span of 20–30 days
postinfection, the adult immune system is able to clear the
infection. In contrast, tadpoles seem less likely to clear the
infection and a large percentage are dead within 2 months
postinfection. Preliminary studies suggest that the MHC
genotype of the infected Xenopus could be important with
respect to viral clearance and lethality.
Results
In vitro infectivity in Xenopus cell lines
Before studying the immune response of Xenopus to
FV3, it was important to determine whether FV3 could
infect Xenopus-derived cell lines and/or cells that were
predicted to play a role in the antiviral immune response.
The A6 fibroblast line, derived from Xenopus adult kidney
(Rafferty, 1969), was easily infected with FV3. Cytopathic
effects observed in vitro within 24–48 h following infection
included elongation of cell processes, cell detachment, de-
creased pH of the medium, and cell lysis. Viral DNA was
detected in the infected fibroblasts and tissue culture me-
dium by PCR using primers specific for the FV3 major
capsid protein (Mao et al., 1996) of iridoviruses (data not
shown).
Whereas the A6 fibroblast line was easily infected, dif-
ferent Xenopus thymic lymphoid tumor cell lines (Robert
and Du Pasquier, 1996) as well as both mitogen (PHA)-
stimulated and nonstimulated splenocytes were not able to
be infected with FV3. Cell counts and trypan blue cell
viability assays were made daily for 1 week; no significant
differences between the controls and infected experimental
groups were seen and no synthesis of viral DNA was de-
tected by PCR (data not shown). These results indicate that
FV3 has a tropism for, and can infect, Xenopus fibroblasts,
but not normal, activated, and malignant lymphocytes.
In vivo infectivity in outbred adult Xenopus
To examine the susceptibility of adult Xenopus to FV3
infection, 2- to 3-year-old outbred (OB) adults were injected
ip with 5107 PFU of FV3. Although mortality was low
(10% death within 2 months), those that did die exhibited
both edema and hemorrhages, suggesting that they were
lethally infected with FV3. Animals that survived showed
temporary signs of illness during the first week following
infection, such as loss of appetite, cutaneous erythema of
the legs, and skin shedding; these symptoms disappeared
within a few weeks.
To determine whether virus was present in infected an-
imals, total DNA extracted from selected organs was tested
for the presence of viral DNA by PCR. This approach is a
more sensitive, specific, and rapid way of detecting FV3
than infecting cell lines with tissue extracts and recording
cytopathic effects (Jancovich et al., 2001). A specific signal
was easily detectable using 1 l of FV3 stock diluted as low
as 10 PFU, and using kidney tissue from infected animals
strong specific signal was obtained, whereas in vitro infec-
tivity assays were inconclusive. Figure 1 shows that viral
DNA can be detected in all the selected organs and tissues
(liver, kidney, spleen, intestine, skeletal muscle, lung) of
two young (2 years old) adults 8–9 days after they were
injected ip with 5107 PFU of FV3. As shown in Fig. 1,
lane 1, a control liver sample from a noninfected adult
Xenopus was negative for FV3, suggesting that this virus is
not normally present in frogs from our facility or from the
commercial supplier we use (i.e., Xenopus I). In addition, a
Xenopus liver sample from an adult that was infected 1
month prior to the test (Fig. 1, lane 2) was also found
negative, suggesting that the virus was cleared by the adult
immune system within 30 days.
To further trace the course of infection and to determine
how long it would take for FV3 to be cleared, four groups
of OB 2- to 3-year-old adult Xenopus (five frogs/group)
were injected ip with 1  107 PFU of FV3 in 200 l.
Animals were killed on day 3 (group 1), day 10 (group 2),
day 20 (group 3), and day 31 (group 4) postinfection, and
their liver, muscle, intestine, kidney, spleen, sciatic nerve,
and blood were probed for FV3 DNA by PCR and Southern
blotting. Occurrence of the virus was more restricted than in
the experiment of Fig. 1. In addition to 5 lower virus load,
this is possibly due to genetic variation (see next) as well as
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size (animals used in Fig. 2 were larger). At 3 days postin-
fection (Fig 2A), the kidney was clearly positive in five of
five animals, whereas other organs, including the sciatic
nerve and blood (not shown), were negative. By 10 days
postinfection (Fig 2B), the kidney was still positive in four
of five animals and the other organs remained negative. The
negative kidney sample for FV3 was also negative for the
EF1 control, indicating a technical problem. Fig. 2C
shows the Southern blot of the group 2 results (Fig. 2B)
using a FV3-specific cDNA probe. There was a very strong
signal in the kidney and a weaker signal in other organs. In
addition to being a sensitive technique, Southern blotting
indicated that the other bands obtained by PCR were prob-
ably nonspecific for FV3. Such nonspecific bands may oc-
cur from an excess of genomic DNA that allows the primers
to pick up non-FV3 DNA. Southern blotting was therefore
used systematically. At days 20 (Fig. 2D) and 31 (data not
shown) postinfection, all organs tested were negative.
In summary, these data indicate that in vivo, FV3 pref-
erentially targets the kidney. Interestingly, the A6 fibroblast
cell line was isolated from an OB Xenopus kidney.
Humoral immunity in adult Xenopus
In mammals, antibodies play an important role against
certain viral infections (Burton, 2002; Slifka, 2002). Since
FV3 is a very large virus with a capsid containing multiple
proteins, it is possible that Xenopus can generate an effec-
tive anti-FV3 antibody response. FV3-specific serum anti-
body was measured on adsorbed FV3 particles by ELISA
using the Xenopus-specific anti-IgY mAb (Xenopus IgG
functional equivalent; Hsu and Du Pasquier, 1984; Du Pas-
quier et al., 2000) on animals that were infected twice (2
1107 PFU of FV3 at 4-week intervals). A specific anti-
FV3 IgY antibody response was detected 1 week after the
second infection (Fig 3), peaked at week 3 (up to 15-fold
Fig. 1. In vivo infection of adult Xenopus. Two 2- to 3-year-old OB adult animals were injected ip with 5  107 PFU of FV3. Genomic DNA was isolated
8 to 9 days postinfection from selected organs and tested by PCR using primers specific to FV3. CL, control liver; CIL, control infected liver; L, liver; K,
kidney; S, spleen; I, intestine; M, skeletal muscle; Lu, lung.
Fig. 2. Virus clearance following in vivo infection of OB adult Xenopus. Adult animals (2 to 3 years old) were injected ip with 1  107 PFU of FV3. (A)
Genomic DNA was isolated 3 days postinfection and tested by PCR using primers specific for FV3 (MCP4 and MCP5); (B) genomic DNA was isolated 10
days postinfection and tested by PCR using primers specific for FV3 (MCP4 and MCP5); (C) Southern blot of (B) hybridized under stringent conditions with
a cDNA probe specific for FV3 (MCP5); (D) genomic DNA was isolated 20 days postinfection and tested by PCR using primers specific for FV3 (MCP4
and MCP5). L, liver; M, skeletal muscle; I, intestine; K, kidney; H, water control.
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above background, Fig. 3), and was still detected 4 weeks
after the secondary infection. No specific signal was de-
tected with serum from naive animals. Although the amount
of FV3-specific antibody varied considerably among ani-
mals sampled at each time point, the absorbances performed
in triplicate for each animal varied less than 0.01%.
In vivo infectivity in MHC homozygous inbred adult
Xenopus strains
Homozygosity and particular MHC haplotypes are
known to increase susceptibility to viral infection in mam-
mals and birds (Kaufman, 2000). The availability of MHC-
defined inbred Xenopus strains provided a tool for studying
a similar phenomenon in the case of FV3 infection. Out-
breds adults, presumably with a heterozygous MHC, were
compared to inbred MHC homozygous Xenopus strains F
and J (MHC haplotypes f/f and j/j, respectively) with respect
to clearance of FV3. Five frogs in each of three groups were
injected ip with 1107 PFU of FV3. One adult was killed
from each group at 4, 6, and 8 weeks postinfection. Liver,
skeletal muscle, and kidney were taken from each frog and
viral DNA was isolated and tested by PCR and Southern
blotting. At 4 weeks postinfection, all J strain organs tested
were positive, whereas organs from OB and F strain frogs
were negative (Fig. 4). The same results were observed at 6
weeks postinfection; by 8 weeks postinfection, all organs
were negative regardless of strain. These results suggest that
the MHC homozygous J strain is more sensitive to FV3 and
requires twice as long as OB and F strain frogs to clear the
infection. Since no MHC congenic strains of Xenopus exist,
definitive attribution of FV3 susceptibility to the j/j haplo-
type remains problematic. However, (FxJ)F1 hybrids are
currently being bred to further explore this issue.
Infectivity in Xenopus larvae
A major difference between the immune systems of adult
and larval Xenopus is the absence of MHC class I (classical
and nonclassical) expression in tadpole organs until meta-
morphosis (Flajnik et al., 1987). In mammals, antiviral
immune responses critically involve cytotoxic T lympho-
cytes (CTL) which are MHC class I restricted (Guidotti and
Chisari, 2001). Therefore, it was of interest to determine the
susceptibility of the naturally class-I-deficient tadpole to
FV3.
OB tadpoles at developmental stage 55–56 (-1-month
old, 10–12 individuals/group; stage 55–56) appeared to be
highly susceptible to FV3 infection, with 80–100% death
seen within 2 months even when injected with as few as 100
viral particles (Fig. 5A). Viral DNA was detected by PCR in
all tadpoles tested (Fig. 6). Susceptibility to FV3 was even
more drastic with tadpoles of the inbred MHC homozygous
J strain. Compared to OB (10–12 individuals/group; stage
55–56) that did not begin to die until day 8 or 9, with several
still alive after 2 months (Fig. 5A), 100% death was ob-
served with J strain tadpoles in all infected groups by day 13
(Fig. 5B). There seems to be no obvious correlation between
survival of either J or OB tadpoles and the amount of virus
injected. The absence of a distinct pattern between the
Fig. 3. FV3 antibody response. Specific (anti-FV3) antibodies detected by
ELISA. Diluted sera were incubated in wells coated with FV3 particles, then
with anti-IgY mAb supernatant (Hsu and Du Pasquier, 1984), followed by
biotin-conjugated rabbit antimouse Ig and HRP-conjugated streptavidin
(Pierce Cat. No. 21126). The reactions were visualized by adding ABTS
substrate, incubating at 37°C for 20 min, and reading at 405 nm in an ELISA
plate reader. Open symbols represent data from individual experiments (trip-
licate samples). Filled symbols represent the mean of two experiments.
Fig. 4. FV3 clearance in different strains of Xenopus. OB, J, and F adult Xenopus (2 to 3 years old) were injected ip with 1  107 PFU of FV3 in 200 l.
Liver, skeletal muscle, and kidney were isolated 4 weeks postinfection and tested for virus by PCR using primers specific for FV3 (MCP4, MCP5); Southern
blot hybridized under stringent conditions with a cDNA probe specific for FV3 (MCP 5). J, homozygous j/j MHC; F, homozygous f/f MHC; OB, wild-type
putative heterozygous MHC; K, kidney; M, skeletal muscle; L, liver.
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amount of FV3 used to infect tadploles and lethality was
observed in several different experiments.
Because of concern that the rapid death of J strain tad-
poles was not due to viral infection, all tadpoles were
screened for viral DNA using both PCR and Southern blot-
ting techniques. Except for two individuals that died 2 days
postinfection due to injection injury, all other J tadpoles,
irrespective of the viral dilutions used, had detectable
amounts of FV3 (data not shown). Similar to J tadpoles,
viral DNA was found in all infected OB tadpoles that died
within 2 months postinfection (data not shown).
Discussion
Iridoviruses can be pathogenic in ectothermic vertebrates
(Chinchar, 2002). Recently, iridoviruses have been identi-
fied in moribund urodelean (Ambystoma tigrinum stebbinsi,
Ambystoma tigrinum diaboli, Ambystoma maculatum (Jan-
covich et al., 1997, 2001; Daszak et al., 1999)) and anuran
(Rana temporaria, R. pipiens, and Bufo periglenes (Cun-
ningham et al., 1996)) amphibians and have been shown to
fulfill Koch’s postulates as a causative agent of disease. In
fact, iridoviruses and a chytrid fungus are currently thought
Fig. 5. FV3 infectivity in tadpoles. (A) OB tadpoles at stage 55–56 were injected ip with 5 l of 1 (105 PFU), 10 (104PFU), 100 (103 PFU), and 1000
(102PFU) dilutions of FV3. Deaths were recorded daily and the percentage of survival for 2 months postinfection is shown. (B) J tadpoles at stage 55–56
were injected ip with 5 l of 1 (105 PFU), 10 (104 PFU), 100 (103 PFU), and 1000 (102 PFU) dilutions of FV3. Deaths were recorded daily and the
percentage of survival for 2 months postinfection is shown.
Fig. 6. FV3 DNA detection in infected tadpole. (A) OB tadpoles (stage 55–56) were injected ip with 1 (105 PFU), 10 (104 PFU), 100 (103 PFU), and
1000 (102 PFU) dilutions of FV3 in 5 l. Genomic DNA was isolated from whole tadpoles and tested by PCR using primers specific for FV3. (B) Positive
control using Elongation factor .
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to be the two major pathogens responsible for recently
reported major declines and extinction of amphibian species
worldwide (Carey et al., 1999; Daszak et al., 1999). It is
unclear why virally associated deaths of salamanders (Jan-
covich et al., 1997; 2001) and ranid frogs (Cunningham et
al., 1996) have been noted only recently. It is doubtful that
this emerging disease reflects viral mutations since Iri-
doviridae does not appear to have a high evolutionary rate
of change (Daszak et al., 1999). One hypothesis that has
been advanced (Carey et al., 1999) to explain the recent
microbial virulence and resultant die-offs is that at least
some amphibian species have abnormally depressed im-
mune systems, perhaps associated with an environmental
“stressor” (anthropogenic or otherwise). It is virtually im-
possible to test this hypothesis in the field since nothing is
known about the immune system of those species undergo-
ing die-offs. In addition, amphibian antiviral immunity is
poorly understood. The overall goal of this research, then,
was to begin to investigate anti-iridoviral immune responses
in a model amphibian species. A species had to be chosen in
which the virus (in this case FV3) is pathogenic and which
is also amenable to detailed immunological inquiry. The
African pipid frog Xenopus clearly meets these criteria since
its immune system is the most extensively characterized of
any amphibian, and MHC-defined strains and clones as well
as a large panel of monoclonal antibodies (and established
assays to best use them) are available. Moreover, at least
under laboratory conditions, Xenopus is susceptible to the
virus.
FV3 infectivity in vitro and in vivo
Our results clearly indicate that FV3 can infect Xenopus
cells in vitro as well as tadpoles and adults in vivo. By being
able to grow FV3 in a Xenopus fibroblast cell line, possible
immune reactions against species-specific antigens have
been avoided. Although Xenopus fibroblasts are very sen-
sitive to viral infection, neither lymphoid tumor cell lines
nor normal splenocytes could be virally infected. This sug-
gests that FV3 may have some specificity or tropism for the
cell types it can infect. Nothing is known about viral recep-
tors involved in FV3 infection.
Although adult Xenopus appear less susceptible to viral
infection (ip injection up to 1  107 PFU) than tadpoles,
they do show signs of morbidity. Pathology correlates with
the detection of viral DNA, especially in the kidney, at 1
week postinfection, when pathology appears the greatest.
Although the kidney seems to be the main target of the
virus, viral DNA was detected, albeit less frequently and in
lower amounts in skeletal muscle, intestine, and liver; it was
not seen in the blood or sciatic nerve. On rare occasions,
FV3 DNA was also detected in the spleens of infected
animals, although as mentioned, FV3 appears unable to
infect leukocytes in vitro. In nature, lymphoid tissues have
been reported to be a target for some ranaviral infections
(Hyatt et al., 1998). This may reflect species differences
between Xenopus and other species, such as Bufo marinus,
or it may be that splenic nonlymphoid cell types (e.g.,
fibroblast-like stromal cells) are being infected rather than
leukocytes. This further supports the proposition that FV3
has some specificity in the Xenopus cell types it infects. It
will be of interest to test and compare the infectivity of FV3
on primary Xenopus fibroblast cultures derived from differ-
ent organs (liver, spleen, kidney). If a good correlation
between FV3 infection and the specific tissue source of
fibroblasts can be demonstrated, then sufficient material for
identifying FV3-specific receptors could be attempted by
differential screening of a cDNA library derived from these
fibroblast cell lines.
Involvement of the adaptive immune response in FV3
clearance
Adult frogs injected with FV3 show clear signs of illness
(loss of appetite, skin shedding, and cutaneous erythema
that outlines the legs) which disappear about 2 weeks
postinfection. Several lines of correlative observations sug-
gest that the return to “normal health” reflects immune-
mediated viral clearance. PCR results indicate that the
amount of viral DNA decreases around the time when signs
of illness disappear, and it becomes completely undetect-
able by approximately one month in all organs tested, in-
cluding the kidney. This time course corresponds to the
peak of both cellular and primary IgY antibody immune
responses in Xenopus (Hsu and Du Pasquier, 1984; Robert
et al., 1995). Upon a second infection by injection of FV3 (4
months after initial exposure), viral clearance was markedly
accelerated (i.e., no viral DNA detectable 3 days postinfec-
tion), no obvious signs of illness were observed, and there
was a strong anti-FV3 antibody response of the IgY isotype.
Xenopus IgY is the functional equivalent of mammalian
IgG, and the switch from IgM to IgY is thymus dependent
(Hsu and Du Pasquier, 1984; Du Pasquier et al., 2000). All
these observations are consistent with immunological mem-
ory and, therefore, an adaptive immune response. Taken
together, these results strongly suggest that the clearance of
FV3 involves the host’s adaptive immune system.
In contrast to adults, tadpoles exhibit a high susceptibil-
ity to FV3, showing more than 80% morbidity over 2
months. It is tempting to speculate that this reflects the
failure of larvae to express MHC class I, which, in mam-
mals, is necessary for CTL responses (Guidotti and Chisari,
2001). Several other deficiencies of the larval immune sys-
tem have been reported, including a poor IgM to IgY switch
(Du Pasquier et al., 1989; 2000; Hsu and Du Pasquier,
1984), inefficient skin graft rejection leading to tolerance of
minor H alloantigens (Barlow and Cohen, 1983; Du Pas-
quier and Chardonnens, 1975; Rau et al., 2001), and poor
antitumor response (Robert et al., 1994; 1995). These weak-
nesses may also be related to their natural class I deficiency,
and if so, it implies the importance of class-I-restricted CD8
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cytotoxic T cells in the adult anti-FV3 immune response. It
is of some interest that although tadpoles do not express
class I until metamorphosis, they do have CD8 T cells (Du
Pasquier et al., 1989). Whether these cells function immu-
nologically in larvae and are class I unrestricted or restricted
by as yet unidentified nonclassical class I (Flajnik and Du
Pasquier, 1990) is an important area of research.
MHC genotype and susceptibility to FV3
Our preliminary comparison between outbred Xenopus,
wild-type (and putatively heterozygous MHC) adults, and J
and F inbred strains which have a homozygous MHC sug-
gests a high susceptibility of the J homozygous genotype. J
homozygous adults required twice as long (2- months) to
clear the infection compared to heterozygous outbreds. The
susceptibility of the J strain was even more apparent in
tadpoles; 100% morbidity occurred within 2 weeks follow-
ing FV3 infection compared to 80% within 2 months for OB
tadpoles. Interestingly, J strain adults seem to have a lower
level of MHC class I expression (Flajnik and Du Pasquier,
1990) than other strains or clones examined thus far. This
strain could provide an important tool for further investiga-
tion of a possible association between MHC genotype and
host susceptibility to FV3 infection.
Materials and methods
Animals and reagents
Outbred Xenopus were from Xenopus I (OB; Dexter, MI)
and MHC homozygous J and F strains were produced in our
laboratory. The A6 fibroblast (Rafferty, 1969) line and tu-
mor cell lines, ff-2 and 15/0, were maintained as already
published (Robert and Du Pasquier, 1996).
FV3 was kindly provided by Dr. V. Gregory Chinchar
(University of Mississippi Medical Center).
FV3 production on A6 cells
FV3 was adsorbed (30 min at room temperature) onto A6
fibroblasts (80% confluent) in a minimum volume of sterile
amphibian phosphate-buffered saline (APBS). Fresh me-
dium was added and cells were incubated 2 days at 27°C
until they were detached. FV3 was purified according to a
published protocol (Jancovich et al., 1997). Briefly, samples
were frozen and thawed 3 and centrifuged at 1000 g for 15
min at 4°C. The supernatant was saved and resuspended
pellets were sonicated and again centrifuged. Supernatants
were pooled and ultracentrifuged at 140,000 g for 90 min at
20°C. The supernatant was discarded and 500 l of Iscove-
based medium (M-SF) was added to each pellet and stored
overnight at 4°C. The pellets were pooled, sonicated, and
divided into 1-ml aliquots that were frozen at 20°C.
FV3 PCR assay
Genomic DNA was extracted from different tissue with
DNAzol reagent (Gibco No. 10503-027) following the man-
ufacturer’s protocol. For each PCR reaction (30-l total
volume), 20 l of sterile water, 1 l of each primer (10
pmol), 2 l of genomic DNA (approximately 1 g), 3 l of
1.25 mM dNTP mix, 3 l of 10 PCR buffer, and 2 U of
Taq DNA polymerase (Invitrogen) were used. Tubes were
then set for 35 cycles of denaturation for 45 s at 95°C,
annealing for 45 s at 52°C, and extension for 45 s at 72°C.
PCR samples were run on a 1% agarose gel containing
ethidium bromide. Primers specific for FV3 were the fol-
lowing: forward primers, 5 -GTCTCTGGAGAAGAA-
GAA-3 (MCP5), and reverse primer, 5-GACTTGGC-
CACTTATGAC-3 (MCP4; Mao et al., 1996). Primers
specific for EF-1 were forward, 5-CCTGAATCAC-
CCAGGCCAGATTGGTG-3, and reverse, 5-GAGGG-
TAGTCTGAGAAGCTCTCCACG-3.
Southern blot analysis
PCR-amplified DNA was run on a 1% agarose gel, de-
natured for 15 min, and transferred in denaturation buffer
(0.5 M NaOH and 1.5 M NaCl) onto a nylon membrane.
The membrane was UV cross-linked on an UV Stratalinker
(Stratagene Model 1800; LaJolla, CA) the following day.
Hybridization was done with a probe derived from a plas-
mid containing the MCP5 of FV3 (PCR 48.1). The plasmid
was amplified using PCR, and the DNA was run on a gel
and purified using a QIAquick gel extraction kit (Qiagen
No. 28704) and labeled by using the random primer DNA
labeling system with [-32P]ATP (Gibco No. 18187-013).
Hybridization was performed under stringent conditions
overnight (62°C, 0.1 SSC) in hybridization buffer (5
SSC, 5 Denhart’s solution, 0.5% SDS, 100 g/ml salmon
sperm DNA, 107 cpm/ml of probe). Membranes were
washed under stringent conditions (63°C, 0.2 SSC, 0.2%
SDS) and exposed with X-OMAT Kodak film for 30 to 60
min.
Viral infection
Unanesthetized adult Xenopus (2–3 years old) were in-
jected ip (25-gauge 5/8 needle) on their ventral side just
above the leg muscle with 200 l of the diluted FV3
prepared in sterile APBS. Anesthetized (0.1% tricaine men-
thanesulfonate (TMS)) tadpoles at pre-metamorphic stage
55–56 (1 month postfertilization, Nieuwkoop and Faber,
1967) were injected ip with 5 to 10 l on their ventral side
just above the intestinal area using a pulled Pasteur pipette
attached to rubber tubing.
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ELISA
Virus particles were adsorbed onto ELISA plates
(NUNC-Immuno plate), followed by diluted antisera. Spe-
cific (anti-FV3) antibodies were detected by using anti-IgY
mAb supernatant (Hsu and Du Pasquier, 1984) followed by
biotin-conjugated rabbit antimouse Ig (Sigma Chemicals,
No. B-8560) and HRP-conjugated streptavidin (Pierce, No.
21126). The reactions were visualized by adding ABTS
substrate (Pierce No. 37615), incubating at 37°C for 20 min,
and reading at 405 nm in an ELISA plate reader.
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